Screening effect and reliability are two of the most important issues in carbon nanotube-based field-emission devices. A thin Ti capping layer has been deposited on the hydrogen-pretreated catalytic iron nanoparticles to control the density of subsequently grown carbon nanotubes. In this way, the screening effect can be remarkably reduced due to the density of carbon nanotubes down to 10 7 from 10 9 cm −2 as compared to the control specimens. Thus, the turn-on field can be improved to be 2.1 from 3.8 V/m at the emission current density of 10 A/cm 2 . Furthermore, the electrical breakdown field can be increased to more than 7 V/m and the lifetime of carbon nanotubes at high electric field ͑10 V/m͒ can be greatly prolonged from a few seconds to more than 1 h. This can be attributed to better adhesion and lower contact resistance between the carbon nanotubes and the substrate.
Among them, flat panel displays fabricated using carbon nanotubes as electron emitters has been recognized one of the most promising technologies for the future. 12, 13 The theory of field emission, Fowler-Nordheim tunneling, was published in 1928 14, 15 and many materials and device structures have been developed to realize efficient emitters 16 since then. Due to the high aspect ratio, low workfunction, great conductivity, high mechanical strength, high chemical inert, high thermal conductivity, and the ability of selective growth, carbon nanotubes are a wonderful electron emitting sources in field emission displays. However, some critical issues such as screening effect, reliability, uniformity, high driving voltage, and issues of packaging, have been often observed when carbon nanotubes were used as the electron emitters in field-emission displays.
According to the simulation of an electric field, 17 the best density of carbon nanotubes with 1 m in length to suppress the screening effect and obtain an optimized emission current density is about 3 ϫ 10 7 cm −2 . Unfortunately, the density of carbon nanotubes synthesized via CVD systems is much higher than 10 7 cm −2 . Several methods, such as SiOx capping, 18 plasma post-treatment, 19 E-beam lithography, 20 catalytic particle size control, 21 etc., have been reported to reduce the density of carbon nanotubes grown by CVD systems to suppress the screening effects. Although some of these methods can efficiently control the density of carbon nanotubes, there are still some problems, such as the destruction of crystallinity and the high cost of complex processes.
For reliability, it can generally be divided into two partselectrical breakdown, an abrupt drop of emission current when the electric field between anode and cathode is increased, 22 and emission current degradation, a slow degradation of emission current when a constant electric field is applied between anode and cathode for a long period. 23, 24 Okai et al., 22 have shown that the electrical breakdown may result from a mechanical destruction of carbon nanotubes caused by a strong static electric force. From Bonard and Klinke's work, 24 the high contact resistance caused by the bad interface between the carbon nanotubes and the substrate with a high emission current density passing through will result in Joule heating and lead to local evaporation of carbon nanotubes. To suppress these two phenomena, we must increase the adhesion and reduce the contact resistance between the carbon nanotubes and the substrate. Different interfacial layer, 25, 26 thermal treatment, spin-on-glass ͑SOG͒ coating, 27 and binder coating 28 have been used to improve the adhesion between carbon nanotubes and the substrate, but many of them cannot reduce the contact resistance between carbon nanotubes and the substrates at the same time.
Therefore, a thin Ti capping layer deposited on hydrogenpretreated iron nanoparticles is proposed to suppress the screening effect and even to improve the reliability. With different thicknesses of the Ti capping layer, the density of carbon nanotubes can be controlled in a simple way without serious destructive effects in crytallinity and a high cost for excess processes, and the emission current density was remarkably increased due to the suppressing of the screening effect. Moreover, the electrical breakdown field and lifetime can also be improved, resulting from better adhesion and lower contact resistance between carbon nanotubes and the substrate.
Experimental
In our experiment, an n-type silicon wafer ͑100͒ with low resistance was used as the substrate. A 50 ϫ 50 array of square holes with the dimension of 10 ϫ 10 m and 10 m interspace were patterned by a lithography system ͑Fig. 1a͒. A 50 nm thick Ti layer was deposited by an E-beam evaporation system as a buffer layer and a 5 nm thick Fe layer was deposited subsequently as catalytic metal in the same system ͑Fig. 1b͒. Photoresistance was removed by a lift-off process in an ultrasonic vibration tank with acetone and only Fe/Ti ͑5/50 nm͒ in the holes was left after the lift-off process ͑Fig. 1c͒. After that, the sample was pretreated in the thermal-CVD furnace in atmospheric pressure at 700°C with H 2 ͑500 sccm͒ for 5 min to form catalytic iron nanoparticles ͑Fig. 1d͒. After the formation of catalytic nanopartibles, a thin Ti capping layer with different thicknesses ͑10, 20, 40, 100, and 200 Å͒ was deposited in a sputtering system ͑Fig. 1e͒. Then, the samples were loaded into the thermal-CVD furnace to grow carbon nanotubes in atmospheric pressure at 700°C with C 2 H 4 ͑5 sccm͒ for 10 min ͑Fig. 1f͒.
After the growth of carbon nanotubes, the emission current from cathode electrode ͑silicon wafer͒ to anode electrode ͓͑ITO͒ glass͔ was measured by Keithley 237 and Keithley 238 in a vacuum chamber at about 5 ϫ 10 −6 Torr with spacer about 100 m from the cathode to the anode. Scanning electron microscope ͑SEM͒ images were taken by using Hitachi S-4700I to analyze the morphologies of samples. Furthermore, transmission electron microscopy ͑TEM͒ images and the Raman spectra analysis were conducted to analyze the crystallinity of carbon nanotubes and energy dispersive spectrometer ͑EDS͒ was used to get the content of the nanoparticles in carbon nanotubes.
Results and Discussion
The SEM images of hydrogen-pretreated iron catalytic nanoparticles with different thicknesses of the thin Ti capping layer are shown in Fig. 2 . Figures 2a-d show that part of catalytic nanoparticles remained and that the other particles become unobvious when the thickness of thin Ti capping layer is increased from 0 to 40 Å. This may be due to the fact that the catalytic nanoparticles with very small size are buried under the increased Ti capping layer. As the thickness of the Ti capping layer increased to 100 or 200 Å, the samples in the SEM images have only rough surfaces but obvious nanoparticles ͑as shown in Fig. 2e and f͒. After the deposition of the thin Ti capping layer, the samples are loaded into the thermal-CVD to grow carbon nanotubes. The SEM images in Fig. 3 show the morphologies of subsequently-grown carbon nanotubes. From the SEM images in Fig. 3a -e, it can easily be observed that the density of carbon nanotubes decreases with the increase in the thickness of the thin Ti capping layer. When the thickness of the Ti capping layer increased to 200 Å, there is no visible carbon nanotube on the substrate as shown in Fig. 3f . This shows that the thin Ti capping layer on pretreated catalytic nanoparticles can restrain the growth of carbon nanotubes and the density of carbon nanotubes can be controlled by changing the thickness of the thin Ti capping layer. As a speculation, the thin Ti capping layer can block the carbon radicals from diffusing into the catalytic nanoparticles so that the growth of carbon nanotubes is suppressed and the density is also altered. After the growth of carbon nanotubes, TEM images of carbon nanotube for samples with 20 Å Ti capping layer were taken and a nanoparticle was enclosed in the carbon nanotube as shown in Fig. 4a , with higher resolution in Fig. 4b , a well multiwall structure is observed. The normalized Raman spectra of CNTs for samples with 0, 10, and 20 Å Ti capping layers is shown in Fig. 5 ͑the signals of samples with thicker Ti capping layers were too weak to be detected͒. The results of Raman spectra were similar, which may indicate that there was no serious change in the crytallinity between the CNTs with and without the thin Ti capping layer. Moreover, an EDS analysis in Fig.  6 shows the component of the particle in the carbon nanotube. In the EDS analysis, three peaks of iron and one peak of carbon are observed. The peaks of copper are from the copper grid, which is used to hold the carbon nanotubes in TEM system. From the TEM images and the EDS analysis, Ti seems not to be involved into the catalytic nanoparticle and there is no obvious destructive affection on the crystallinity of the multiwall structure.
The curves of emission current density versus electric field ͑J-E curve͒ are shown in Fig. 7 , which shows that the emission current density is relative to the thickness of the thin Ti capping layer. The Fowler-Nordheim plot ͑F-N plot͒ displayed in Fig. 7b can show that the measured emission current is a Fowler-Nordheim tunneling phenomenon. The field emission occurred in the samples with thin Ti capping layer above 40 Å. This implies that there were still CNTs in the samples with Ti capping layer above 40 Å, although the CNTs can hardly be observed in SEM images. However, the emission currents were almost negligible compared with samples to thin Ti capping layers below 40 Å. As shown in Fig. 7a , the emission current density is improved from 10 to 100 mA/cm 2 at 6 V/m by increasing the thickness of the Ti capping layer from 0 to 20 Å. If the thickness of the Ti capping layer is over 20 Å, the emission current density reduces with the increase of thickness. The emission current is almost zero when the thickness of the Ti capping layer is 200 Å. This is consistent with the results of SEM images in Fig. 3f . The turn-on field ͑E turn-on ͒ and the threshold field ͑E th ͒ of these six samples are listed in Table I . To estimate the density of carbon nanotubes, SEM images from top view are taken and the approximate densities of six different samples are counted and shown in Table II . According to the results of electric field simulation of carbon nanotubes, 17 the most appropriate density for carbon nanotubes to obtain an optimized emission current density in the diode structure is about 3 ϫ 10 7 cm −2 . Concluding from the J-E curves in Fig.  7a and the densities of carbon nanotubes in Table II , the density of carbon nanotubes which have the highest emission current density is about 2 ϫ 10 7 cm −2 and the thickness of the thin Ti capping layer is 20 Å in this experiment. The experimental results here are very similar to the simulation in Ref. 17 . From Table II , the turn-on field and the threshold field do not always decrease with the increase in the thickness of the thin Ti capping layer. The rise of the turn-on field when the thickness of the thin Ti capping layer is 100 Å may result from the decrease in the length of carbon nanotubes. From the SEM images in Fig. 3e , the length of carbon nanotubes is greatly Figure 1 . ͑Color online͒ Flowchart of the experiment: ͑a͒ An array of 10 µm in square holes was formed by a lithography system, ͑b͒ Ti ͑50 nm͒ and Fe ͑5 nm͒ were deposited by E-beam evaporation system, ͑c͒ photoresistance was removed via a lift-off process in an ultrasonic vibration tank with acetone, ͑d͒ samples were hydrogen-pretreated in the thermal-CVD, ͑e͒ a thin Ti capping layer with different thicknesses was deposited on the catalytic nanoparticles via a sputtering system, and ͑f͒ carbon nanotubes were synthesized in the thermal-CVD. reduced and result in the reduction of aspect ratio, which can lead to the decrease of the local field enhancement factor. Additionally, the rise of the threshold field when the thickness of thin Ti capping layer is 40 Å may be due to the reduction of emitting sites. Referring to the simulation results, the emission current density is also relative to the number of emission sites. By controlling the thickness of the thin Ti capping layer, it is possible to modify the electric characteristics of carbon nanotubes simply to gain an optimized emission current density.
Reliability is the other critical issue for carbon-nanotube-based field-emission devices discussed here. In this experiment, two methods were used to verify the reliability of carbon nanotubesapplication of an electric field between the anode and the cathode and application of a strong electric field between the anode and the cathode for 1 h. A 50 Å thick Ti capping layer was deposited on the pretreated catalytic nanoparticles to compare with the conventional one. The curves of J-E for the first case, shown in Fig. 8 , display an electrical breakdown which occurred on the carbon nanotubes without the thin Ti capping layer when the electric field reaches 6 V/m. The morphologies of carbon nanotubes after electrical breakdown were taken by SEM and the sample with a thin Ti capping layer had no obvious change in SEM images. However, for the sample without a thin Ti capping layer, part of carbon nanotubes was pulled from the substrate ͑as shown in Fig. 9͒ . This shows a mechanical destruction during the electrical breakdown. Referring to the paper of Okai et al., a similar result implies that a strong static electric force may be the main reason of the electrical breakdown in field-emission measurements. As the electric field between the anode and the cathode is increased, the dipole resulting from the concentrating of electrons in the tips of carbon nanotubes will enhance the static electric force and pull the carbon nanotubes off from the substrate therefore leads to an abrupt drop of emission current. This phenomenon is attributed to a poor adhesion between carbon nanotubes and the substrate. With a thin Ti capping layer on hydrogenpretreated catalytic nanoparticles, there is no obvious electrical breakdown as the electric field is increased. This may be due to the better adhesion between catalytic nanoparticles and carbon nanotubes which result from the thin Ti capping layer. For the second part, a high electric field ͑10 V/m͒ was applied between the anode and the cathode for 1 h and the emission current density vs time is shown in Fig. 10 . As shown in Fig. 10a , the emission current density of carbon nanotubes without the thin Ti capping layer reaches as high as 400 mA/cm 2 for the first 6 s and decreases abruptly to almost zero in a very short time. Because the initial emission current of carbon nanotubes without the thin Ti capping layer is too high, data in the first 6 s are removed from Fig. 10b to make these two curves in the same scale. As shown in Fig. 10b , the emission current density of carbon nanotubes with the thin Ti capping layer keeps about 7 mA/cm 2 for 5 min then drop to 3 mA/cm 2 and decrease very slowly in the next 55 min. From the SEM image of the sample without a thin Ti capping layer after measurement ͑Fig. 11͒, it can be observed that all carbon nanotubes disappear and only some amorphous-carbon-like material are left after the measurement at 10 V/m for 1 h. This destructive phenomenon may result from the Joule heating, which was probably generated from the high contact resistance between the carbon nanotubes and the substrate with a high current density passing through. The sample with the thin Ti capping layer can reduce the contact resistance between carbon nanotubes and the substrate hence suppress the Joule heating. The improvement of the adhesion and the contact resistance between the carbon nanotubes and the substrate may result from the combination of the thin Ti capping layer and the Ti buffer layer during the growth of carbon nanotubes at 700°C.
Conclusions
Via depositing a thin Ti capping layer on the hydrogen-pretreated catalytic nanopaticles, the density of carbon nanotubes can be efficiently modified to promote the electric characteristics of field emission. From the experimental results, there is an appropriate thickness, 20 Å, of the thin Ti capping layer which can optimizes the emission current density of carbon nanotubes. With 20 Å thin Ti capping layer, the turn-on field of 2.5 V/m and threshold field of 3.5 V/m are obtained at the turn-on current of 10 A/cm 2 and the threshold current of 10 mA/cm 2 . In this case, the density of carbon nanotubes is about 2 ϫ 10 7 cm −2 which roughly matches the simulation results for suppressing the screening effect. Furthermore, the thin Ti capping layer is also favorable to the reliability issues. The breakdown field has been increased and the phenomenon of Joule 
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Journal of The Electrochemical Society, 154 ͑3͒ J109-J115 ͑2007͒ J114 heating has also been significantly suppressed by means of the thin Ti capping layer after pretreatment. Two main reasons are conjectured to improve the reliability. One is the better adhesion between carbon nanotubes and the substrate which may suppress the mechanical destruction and prevent the emitters from the electrical breakdown. The other is the lower contact resistance between the carbon nanotubes and the substrate, which may reduce the Joule heating when the devices are operated with high current density. Therefore, a thin Ti capping layer on hydrogen-pretreated catalytic iron nanoparticles is a very promising method to suppress the screening effect and improve the reliability of carbon nanotubes. 
